The nonlinear optical loop mirror (NOLM) has been studied for several decades and has attracted considerable attention for applications in high data rate optical communications and all-optical signal processing. The majority of NOLM research has focused on silica fiber-based implementations. While various fiber designs have been considered to increase the nonlinearity and manage dispersion, several meters to hundreds of meters of fiber are still required. On the other hand, there is increasing interest in developing photonic integrated circuits for realizing signal processing functions. In this paper, we realize the first-ever passive integrated NOLM in silicon photonics and demonstrate its application for all-optical signal processing. In particular, we show wavelength conversion of 10 Gb/s return-to-zero on-off keying (RZ-OOK) signals over a wavelength range of 30 nm with error-free operation and a power penalty of less than 2.5 dB, we achieve error-free nonreturn to zero (NRZ)-to-RZ modulation format conversion at 10 Gb/s also with a power penalty of less than 2.8 dB, and we obtain error-free all-optical time-division demultiplexing of a 40 Gb/s RZ-OOK data signal into its 10 Gb/s tributary channels with a maximum power penalty of 3. Continued increases in traffic demand impose considerable strain on current optical transmission/transport systems and networks. Coherent systems have been adopted to cope with this strain by enabling the use of higher-order and spectrally efficient modulation formats, thereby increasing channel capacity. 1,2 While there is significant focus on coherent systems, all-optical signal processing, which avoids optical-to-electrical-to-optical conversion and can support ultrahigh operating speeds, is still being considered as a means to perform certain functions such as switching or routing and may be especially useful in situations where individual bits do not need to be "touched." 3, 4 Additional signal processing functions include wavelength conversion and multicasting, 5, 6 optical time-division multiplexing/demultiplexing (OTDM), 7-10 signal regeneration, 11, 12 optical modulation, 13 and Fourier transformation. 14 All-optical signal processing is also useful for applications beyond the optical transmission/transport, such as instrumentation, including all-optical sampling for waveform measurement, 15 analog-to-digital or digital-to-analog conversion, 16, 17 and photonic radio-frequency spectrum analysis; 18 mode locking of lasers; 19 and generating arbitrary waveforms. 4 All-optical signal processing typically exploits ultrafast nonlinear optical effects such as selfphase modulation, cross phase modulation (XPM), and four-wave mixing (FWM). XPM has the advantage of being more robust to phase-matching and high power efficiency, which is suitable for applications involving amplitude modulated signals. One approach to implement signal processing operations is to exploit XPM in a nonlinear medium followed by bandpass filtering to extract either the red-or blue-shifted sideband of the broadened spectrum. 20, 21 However, the filtering process can reduce significantly the power received by a detector thereby impacting negatively signal processing performance. An alternate technique involves converting the XPM-induced phase modulation into amplitude modulation using an interferometric structure. To this end, Mach-Zehnder interferometers (MZIs) 22, 23 and nonlinear optical loop mirrors (NOLMs) 24 have been investigated. Compared to MZIs, NOLMs are simple and have inherently a balanced interferometer configuration. The NOLM has been studied for several decades, and many applications in optical communications and all-optical signal processing have been realized, e.g., 2-bit all-optical digital-to-analog conversion, optical performance monitoring, wavelength conversion (including from the O-band to the C-band), ultrawideband pulse generation, and demultiplexing of optical time-division multiplexed (OTDM) signals as high as 1.28 Tb/s. 6, 8, [25] [26] [27] [28] [29] [30] [31] [32] Almost all reported NOLMs are based on silica fiber. Because of a generally weak nonlinear coefficient, the length of the fiber loop is on the order of several meters to hundreds of meters, which is evidently unsuitable for developing integrated all-optical signal processing subsystems. Zhuang et al. recently reported an integrated NOLM incorporating a semiconductor optical amplifier (SOA) in indium phosphide for all-optical sampling. 33 However, the sampling window is ∼30 ps due to the saturation time in the SOA and as such is not suitable for processing ultrahigh speed signals. Various nonlinear materials have been considered to exploit the femtosecond response of Kerr-based nonlinearities for use in passive integrated devices for all-optical signal processing, e.g., AlGaAs, 34 chalcogenide, 10, 35 silicon, 36 and silicon nitride. 37, 38 Silicon-on-insulator (SOI) has a number of desirable characteristics such as compatibility with CMOS technology, strong light confinement, and large Kerr nonlinear coefficient 36 that make it desirable for creating a passive integrated NOLM. In this paper, we report the first-ever passive integrated NOLM in SOI and demonstrate its application for all-optical signal processing. In particular, we perform wavelength conversion of 10 Gb/s return-to-zero on-off keying (RZ-OOK) signals over a wavelength range from 1535 nm to 1565 nm, 10 Gb/s nonreturn to zero (NRZ)-to-RZ modulation format conversion, and OTDM demultiplexing a 40 Gb/s RZ-OOK data signal into its four 10 Gb/s tributary channels. Due to the short length and low dispersion of the nonlinear waveguide, the switching window of the NOLM can be extremely short and support even higher rates of operation. (i.e., at the peak wavelength of the VGC spectral response) is typically 7.5 dB/coupler. The various silicon waveguides in the device have a height of 220 nm and sit on top of a 3 µm thick oxide; they are covered by a 2 µm thick index-matched oxide cladding. Ports 2 and 3 of the NOLM are connected to a 3 dB multimode interferometer (MMI) coupler. The MMI coupler is based on a multimode waveguide having a width of 6 µm and a length of 128 µm. The single mode input and output waveguides to the MMI are separated by 3 µm (all single mode waveguides in the device have the same cross section).
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In the loop, we use a silicon waveguide having a total length of 12.5 mm; it employs a serpentine configuration with waveguide bends having a bend radius of 10 µm and straight segments having a length of 2 mm. Ports 1 and 4 of the NOLM are connected to the loop via 3 dB Y-branch power splitters; they serve to couple in the pump signals and for monitoring. The probe signals are launched into the NOLM via port 2, while the output is extracted from port 3. The four VGCs are placed in a row at the same end of the device with a pitch of 127 µm to match the fiber-to-fiber spacing of a fiber ribbon array. The NOLM is fabricated using e-beam lithography with a single etch, and the total size is ∼2.65 mm × 0.41 mm. Separate test structures reveal a waveguide propagation loss of ∼2.7 dB/cm. The loss for a (pump) signal from port 1 to port 3 is ∼27 dB. In the absence of a pump signal (i.e., for linear operation of the loop mirror), the loss for a (probe) signal launched into port 2 and which also exits port 2 (and is subsequently extracted using an off-chip optical circulator) is ∼24 dB (this loss accounts for the 15 dB loss from the VGCs, the losses from the couplers used to combine the pump with the probe in the loop, and waveguide propagation loss). The device is not mounted nor packaged, and while no specific temperature control is used, we do not observe any short nor medium term effects due to temperature sensitivity/drift.
Previously, we investigated the impact of waveguide design parameters on FWM conversion efficiency and found that a waveguide cross section of 220 nm × 500 nm (height × width) and a length of 12 mm were optimal in terms of balancing the nonlinear effects with dispersion and loss. 40 As such, we use nominally the same parameters for the waveguide in the NOLM. The single mode silicon waveguides have a width of 500 nm [the cross section appears in Fig. 1(b) ] and are designed to support largely the fundamental TE mode, as shown in the inset of Fig. 1(c) . The effective area A eff of the fundamental mode is calculated to be 0.065 µm 2 . Using a nonlinear index in silicon of n 2 = 4.5 × 10 18 m 2 W 1 , 41 we estimate the nonlinear coefficient γ to be 282.7 m 1 W 1 at 1550 nm. The simulated total dispersion of the silicon waveguide is shown in Fig. 1(c) ; at 1550 nm, it is 1.42 × 10 3 ps/(nm cm). Due to the short length of the waveguide in the loop and the use of picosecond pump pulses, walk-off between the pump and probe is negligible and can be ignored so that the switching window of the NOLM should be similar to the duration of the pump pulses. 42 First, we demonstrate wavelength conversion of 10 Gb/s RZ-OOK signals. In the integrated NOLM wavelength converter, a continuous wave (CW) signal (probe) is gated by the RZ-OOK signal (pump) via XPM. 27 Figure 2 illustrates the experimental setup. A 10 Gb/s RZ-OOK signal is obtained by modulating the output pulses from a 10 GHz mode-locked laser using an electro-optic the pulses are ∼15 ps; the duty cycle of the pump launched into the device (at port 1) is thus 15%. The CW probe is generated by a tunable laser; it is amplified, filtered using an optical bandpass filter with a 3 dB bandwidth of 0.3 nm, and coupled into the chip (via port 2). The output from the NOLM (at port 3) is filtered using another WDM coupler to remove the residual pump; the wavelength converted signals are detected using a pre-amplified receiver [for bit error rate (BER) measurements] and a digital communications analyzer (DCA). The average input power of the pump and CW probe prior to coupling into the VGCs is 21 dBm and 18 dBm, respectively. Note that once we account for the VGC loss (∼7.5 dB) and the 3 dB coupling loss due to the coupler that combines the pump with the probe signal, the average powers of the pump and CW probe in the waveguide (nonlinear loop) where XPM occurs are 10.5 dBm and 4.5 dBm, respectively. While two photon absorptions can occur in silicon waveguides, for the input powers used, we do not observe any nonlinear losses. 42 We fix the central wavelength of the pump to 1550 nm and vary the probe wavelength from 1535 nm to 1565 nm. The results are summarized in Fig. 3: (a) illustrates clearly XPM-based broadening around the probe as its wavelength is tuned over the 30 nm range. Based on the amount of spectral broadening about the probe carrier, the estimated nonlinear phase shift is ∼0.4π. This is greater than the nonlinear phase shift calculated using ϕ max = 2γP P L eff (where P P is the peak power of the pump and L eff is the effective length of the nonlinear waveguide in the loop) which gives a value of ∼0.4. We believe that the discrepancy is due to the measured duty cycle of the pump pulses and, in particular, the limitation of our detection system which has an impulse response time >10 ps (we obtain good agreement between the measured and simulated spectral broadening when the pump pulses are ∼6 ps). Note that the maximum XPM conversion efficiency, defined here as the ratio between the input pump power launched into the chip at port 1 and the peak of the XPMbroadened spectra about the probe signal at the output of the chip at port 3, is 46 dB for a probe wavelength of 1535 nm (which can be improved with VGCs having lower coupling loss). Figure 3(b) shows the measured BER of the wavelength converted signals at 1535 nm, 1540 nm, 1560 nm, and 1565 nm. We obtain error-free operation (BER < 10 9 ) with a maximum power penalty of 2.5 dB for the wavelength converted signal at 1560 nm. The eye diagrams are clearly open, and the switching window shown on the DCA, which is extracted from the duration of the broadest eye diagram, is at most 16.5 ps. This is similar to the duration of the eye diagram for the back-to-back signal (15 ps shown on the DCA) and confirms that the switching window is given largely by the duration of the pump pulses. Note that the measured switching times (and duration of pulse widths) are limited by the response time of the detection system (receiver and DCA). We attribute variations in the characteristics of the wavelength converted signals to spectral variations in the VGC response (which can cause fluctuations in the coupled power).
Next, we demonstrate NRZ-to-RZ modulation format conversion at 10 Gb/s. The experimental setup is similar to that used for wavelength conversion except that a 10 Gb/s NRZ-OOK signal is used as the probe rather than a CW signal and the pump is given by the amplified mode-locked laser pulses. We use a tunable optical delay to optimize the position of the pump pulses to coincide with the maximum extinction ratio of the NRZ signal in the time domain. The principle is based on the XPM-induced phase shift on the NRZ probe signal at the instants in time when there is overlap with the pump pulses. The phase shift is proportional to the power of the pump pulses, and after interfering in the loop, the probe waveform will have the same shape as the pump pulses, 41, 43 i.e., the pump pulses carve out a portion of the NRZ signal to create the converted RZ signal, see Fig. 4(a) . The 10 Gb/s NRZ-OOK signal is generated by modulating the output from a tunable laser at 1560 nm with a 2 31 1 PRBS. The wavelength of the pump is set to 1550 nm. The average input powers of the NRZ signal and the pump before coupling into the VGCs are 18 dBm and 21 dBm, respectively. Figures 4(b) and 4(c) show the measured BER and eye diagrams at error-free operation for the original NRZ and the converted RZ signals. We obtain a clear open eye for the converted signal with a power penalty of 2.8 dB. Note that the power penalty is similar to that obtained for wavelength conversion involving the same wavelengths for the pump and CW probe signals (i.e., 1550 nm and 1560 nm, respectively).
Finally, we demonstrate OTDM demultiplexing of a 40 Gb/s RZ-OOK data signal into its four 10 Gb/s tributary channels. Figure 5 (a) depicts the principle of operation: a 40 Gb/s RZ-OOK data signal is launched into the NOLM via port 2 as the probe, while a 10 GHz pulse train is input via port 1 as the pump. Using a tunable optical delay, the pump pulses can be aligned with specific data pulses; the pump then switches the corresponding portion of the 40 Gb/s signal to which it is synchronized. 26 In order to avoid cross talk between the different channels, the width of the pulses in the 10 GHz pulse train should not be broader than those in the 40 Gb/s data signal. The 40 Gb/s RZ-OOK data signal is generated by optically multiplexing a 10 Gb/s RZ-OOK signal (the latter is obtained by using the same method as in the wavelength conversion experiments but with a PRBS length of 2 7 1 due to the commercial optical multiplexer used). After optical multiplexing, amplifying, and filtering, the pulses in the 40 Gb/s signal have a duration of 15 ps. The 10 GHz pump has a pulse width of channels with a maximum power penalty of 3.5 dB. Figure 5(c) shows the eye diagrams for the four demultiplexed tributary channels at a received power of 27 dBm; the duration of the eye diagrams ranges from 11.1 ps to 12.1 ps and is close to the pulse width of the 10 GHz pump.
In the experiments involving modulation format conversion and OTDM demultiplexing, we fixed the pump and signal wavelengths. Note that wavelength conversion over a broader range of 30 nm was obtained, and as such, we expect to be able to operate NRZ-to-RZ modulation format conversion and OTDM demultiplexing over a broader wavelength range.
We now discuss several important aspects of our integrated NOLM. First, as mentioned pre- 45 It is also possible to use edge coupling, whereby the silicon waveguides can be tapered and combined with a polymer overlay waveguide; in this case, a coupling loss of 2.6 dB per facet was obtained. 3 The use of such VGC designs or edge coupling approaches will improve the XPM conversion efficiency and/or reduce the necessary launched power levels. Second, our integrated NOLM is based on SOI. However, it can be implemented in other nonlinear materials/platforms such as silicon nitride (including silicon-rich nitride) and chalcogenide. As these materials involve smaller refractive index contrasts, the waveguide cross sections can be larger which can support more readily edge coupling. Moreover, while the nonlinear coefficient of silicon nitride (or chalcogenide) is less than that of silicon, there is no nonlinear absorption. Third, it may be possible to implement polarization diversity schemes for polarization independent operation as on-chip polarization beam splitters and combiners are available. 46, 47 However, the structure may be more complex as the optimal dimensions of an SOI waveguide for maximum nonlinearity for TM modes and TE modes are very different. 48 One solution is to use a nonlinear material as a cladding of the SOI waveguide for TM modes. 36 Furthermore, the measured switching times of the NOLM correspond largely to the duration of the pump pulses (due to the low dispersion in the waveguide). By using shorter pump pulses, the integrated NOLM should be able to support even higher rates of operation. Finally, we compare the performance of our integrated NOLM to a NOLM based on silica-based highly nonlinear fiber (HNLF). For typical silica-based HNLF, the nonlinear coefficient is ∼11.5 W 1 km 1 and the loss is ∼0.9 dB/km. 49 For an HNLF length of 1 km and the same amount of pump power in the nonlinear waveguide as in our experiment (and assuming a duty cycle of 15%), the nonlinear phase shift would be ∼4 times greater compared to that from our integrated NOLM. Thus, in order to have comparable performance to a NOLM based on HNLF, the nonlinearity or the effective length of the nonlinear waveguide needs to increase. One possibility is to use silicon-rich nitride as the material platform; 38 while the nonlinear coefficient is less than silicon, the loss can be much lower allowing for a longer length of nonlinear waveguide. Using silicon for the nonlinear waveguide will constrain the NOLM switching performance in the sense that the maximum extinction ratio may not be attainable as the power required to obtain a π phase shift will likely induce nonlinear absorption.
We have presented the first passive NOLM in SOI and successfully demonstrated XPM-based wavelength conversion of 10 Gb/s RZ-OOK signals, 10 Gb/s NRZ-to-RZ modulation format conversion, and OTDM demultiplexing from 40 Gb/s to 10 Gb/s. We believe that the passive integrated NOLM will allow for the implementation of more advanced (and integrated) ultrahigh speed all-optical signal processing subsystems.
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